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THE VARR METHOD

A TECHNIQUE FOR DETERMINING THE EFFECTIVE POWER PATTERNS OF
MILLIMETER-WAVE RADIOMETRIC ANTENNAS

ABSTRACT

The VARR (VAriable I@ge ~eflector) Method is a technique which has

been developed to measure the effective power patterns of millimeter-wave

radiometric antennas. In this method, a large movable metallic surface

is oriented to reflect radiation from the zenith into an antenna which

is directed along the horizontal. Radiometric temperature is measured

as a function of the range of the reflector from the antenna. In

addition, the water vapor content ofthe atmosphere and the radiometric

temperatures in the directio=of background and zenith are observed.

A computing procedure has been devised to determine the complete

patterm and gain characteristics of the antenna system purely on the basis

of data provided by the measuring system. The method has been used to

successfully determine the effective power patterns of a number of antenna

systems . These results form the basis of a comparative evaluation of

antenna system performance that is in substantial agreement with the

observed effectiveness of these same antennas in previous measurements.
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LIST OF

SYMBOLS

a

b

h

r

B

c

D

G

Go

I

R

s

T

v

x

a

B

&

n

e

A

P

$

$

fractional power loss in the

SYMBOLS

atmosphere

a fitted parameter which characterizes the central portion of
the pattern

height of the background above the level of the antenna, ft

radius of the assumed circular reflector, yds

fitted background temperature , ‘K

matrix of coefficients of least-squares equations of condition

diameter of antenna apetiure, in.

the antenna gain function

the antenna gain, power

the integral
1

G(6) sin e de

range of the reflector from the antenna, yds

side of the assumed square reflector, yds

o
temperature, K

column matrix with elements In Ti

column matrix with elements in B and b

angular distance from antenna axis, deg

fractional loss in rf system, power

elevation angle measured from antenna site, deg

an angle defined by Equation (JU)

angular distance from antenna axis, deg

operating wavelength of the radiometry c antenna, ft

range from antenna to beginning of far-field, yds

azimuthal angle about antenna axis, deg

an angle defined by Equation (27)
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LIST OF SYMBOLS (Contd)

SUBSCRIPTS

i

j

k

n

o

t

B

M

N

z

w

MB

MZ

index for measurements and related quantities pertaining to
central portion of the beam

index for measurements and related quantities pertaining to
the side of the beam

summation index

maximum value of index i

identifies quantities where either i or j are zero

refers to theoretical values

refers to background

specifies measured temperatures

minimum value of index j

refers to zenith

refers to rf system

specifies measured background temperature

specifies measured zenith temperature

SUPERSCRIPTS

* Identifies quantities associated with assumed square reflector

identifies quantities associated with the point that establishes
the set of measurements to fit to Equation (12)

1 identifies transposed matrices
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INTRODUCTION

An investigation of the application of radiometric techniques to

the problem of acquisition and guidance of close-to-ground targets led

to a study of the optimization of antema systems for radiometers. Most

antennas will receive signals from outside the main beam; in the radio-

metric application, the entire background radiates into that part of the

receiving pattern which is not incident on the target. The signal contrast

between the target and the background is considerably decreased by this

extraneous background signal. In order to establish the system receiving

sensitivity to the target as a function of range and the pointing

accuracy of the system, it is necessa~ to know the effective power

pattern and the gain of the antenna as used in the radiometric system

environment .

Unexpectedly wide variations were encountered in the radiometric

performance of antennas with similar apertures. These results prompted

an investigation of methods for measuring complete patterm and gain

characteristics of non-coherent, narrow beam antenna systems. Conventional

methods, employing a coherent sources require a prohibitive number of

difficult measurements. Therefore, the VARR (VAriable ~ange ~eflector)

method was devised for the comparative evaluation of antenna systems.

In this method, a single series of simple measurements of the total

energy received by a particular antenna provides sufficient information

to completely determine these characteristics.

The VARR method requires a large movable metallic surface so oriented

as to reflect radiation from the zenith into the antenna of a radiometer.

A series of measurements are obtained with the antenna directed along a

horizontal path toward the center of the reflector. Observations of

radiometric temperature are recorded as a function of the range of the

reflector from the antenna. In addition, measurements of temperatures

the directions of the background and zenith are made.

in
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The effective power pattern of the antema is determined by a

computing procedure which has been derived from a simple geometrical

model that closely approximates the actual geometry of the system. On

the basis of this model and several simplifying assumptions , the measured

radiometric temperature has been expressed as a function of the background

and zenith temperatures , the range of the reflector from the antenna,

and the effective power pattern of the antenna. Computing procedures

have been devised to use this function and the measured temperatures to

determine both the patterm and the gain of the antenna.

Effective power patterms have been computed for several antennas

by the VARR method. In general, the results have indicated a somewhat

broader beam than was indicated by coherently measured patterns for these

same antennas. Field comparison measurements of the performance of

these antennas tend to show that radiometer antenna performance can be

predicted from these effective power patterns.

10



SECTION I

THE VARR MEASURING TECHNIQUE

A technique for measuring effective power patterns in a real environ-

ment for antenna comparison purposes has been devised. The method. makes

use of a large movable reflector (Figure 1) positioned at a fixed

elevation angle of 45° to reflect the cold zenith temperature intc ~he

radiometer antenna. Measurements are made with the radiometer antenna.

pointed along a horizontal path to the center of this reflector while

the reflector is moved horizontally along the ground to change the dis-

tance between the antenna and the reflector.

At close range the large reflector intercepts the total antenna

beam and the measured radiometric temperature equals the zenith ter.?~erature.

As the distance between the antenna and the reflector is increased. the

reflector intercepts less and less of the beam and the measured tel.~erature

approaches the temperature of the background. By choosing a suitol~:e

background with a nearly constant temperature, such as a hill or hi@

vegetation, the measured temperature is proportional to the ratio o: the

total antenna beam angle to the reflector interception angle.

Antennas of various types including parabolas, piano-convex ~ltstic

lenses , and plastic Fresnel-zone plates were measured with radicmek=rs

operating at 35, 68.5, 94, and 140 Gc. The precision of these measure-

ments was limited to plus or minus one degree Kelvin by the radiometer

sensitivity.

The flat-sheet aluminum reflector was 16 feet high, 12 feet wide, anti

tilted at an angle of 45° with the horizontal. This gave an effect flat-

plate area of approximately 136 square feet.

The background consisted of trees 60 feet in height at a range of

approximately 1800 feet for the low frequency measurements and 651~nI

feet for the higher frequencies. The measured radiometric temper+l.re o?

this background was close to ambient when the reflector was not ir.!,he

beam. The ground surface between the reflector and the antenna w:l;

covered with a 6 inch growth of grass and weeds.

11



At the start of each run the reflector was moved in very close to the

antenna to intercept the maximum portion of the antenna capture area.

A measurement of radiometric temperature in the direction of the zenith

was compared with the reflected radiometric zenith temperature. No

measurable difference could be detected between these two measurements

if the aluminum reflector was periodically washed to keep the surface

clean.

The reflector was then moved horizontally away from the antenna in

successive steps. The temperature was measured with the antenna pointing

at the center of the reflector at each position. The plots in Figures

5, 7, 9, % 13, 15, 17, ~d 19 show these me=ured temperatures VerSUS

range. At the end of each run the background temperature was again

measured to ascertain if any change had occured in atmospheric conditions

which could affect the measurement. A feeling of confidence in the

precision of the data developed when the curves obtained by meams of

this method were reasonably smooth and repeatable.

12



SECTION II

VARR COMPUTING METHODS

Amroach to the Problem

To determine the effective power pattern of an antenna by the VARR

method of measurement, it is convenient to divide the computing procedure

into two separate, but related parts. In the first of these, the p;,tt,ern

at and near the center of the beam is obtained by fitting an expone~~tial

function of second degree to those measurements of temperature which

were made with the i-eflector at its more remote positions from tl]e

antenna. This requires a computation to determine two parameters w;li~:h

are nonlinear functions of the measured temperatures . The seconi ~fi~:je

of’the data reduction procedure consists of a series of computation

which are desisne i to deterrlinethe remainder of the pat,term, sec’~ l!!

by se(:ticm,while COEStrain~n~;all segments of the fitted curve tG

Join centi.lluously. The method has been found to be practical for ~L~“lectr)~:+

of various geometri cal shapes. In particular, a simplified solutiml

yieliiing sufficiel]tly arcurate results may be obtained if the reflectc,r

is assumed tc be a circular disk normal to the antenna axis and sult,crlling

the same solid angle as the actual reflector. It will be shown that, (,~~e

errors resulting from the circular approximation are well.within tkl--

limits imposed by the accuracy requirements. The results are gene~:~ily

considered to be useful if the overall errors do not exceed 15 perr=nt .

Jloreover, corrections will be derived to compensate for those errors

which do arise from the circular approximation for the m flector. \+/l:ile

the derivations are rather involved, the resulting corrections are s!w1l

enough to neglect entirely, but are very easy to apply when greater

accuracy is desired.

To simpli~~ a portion of the derivation of the computing method,

attenuation will be neglected initially and introduced later at a con-

venient point in the development. In the absence of significant attenuatic]l

13



and assuming the reflector to be in the far-field of the antema, the

computing procedures are based upon the following expression for the

measured temperature TM:

mfi

JJ
T(%@)G(@, @ sin 0 de J@

(1)
TM= ‘~on

.

JJ
G(B)@) sin e de d@

o 0

The symbols 0 and~ are angles which speci~ a direction with respect to

the antenna. Thus, (e,@) is defined to be the direction whose angular

distance from the antenna axis is 0 and whose azimuthal position about

the axis is given by @ ●
T (e,@) is the temperature and G (6~@) is the

value of the gain function in the direction (O,@).

We desire to determine G (6,@) in Equation (1) from a series of

temperature observations for various ranges of the reflector. Our

development ispredicated upon several simpli~ing assumptions which closely

approximate the actual physical situation. In the initial treatment of

Equation (l), we will assme the reflector to be a circular

the antenna axis and subtending a solid angle equal to that

by the actual reflector. The background will be considered

at the constant temperature TB
and the disk at the constant

‘z ‘
the equivalent of the reflected zenith temperature. We

our discussion to antennas with patterns that are symmetrical about

their axes. Pllrely as a matter of convenience, we add the further
n

res-trictiun that for 0 > ~ ~ G (e) = 00 Introducing the usual constraint,

disc normal to

subtended

to radiate

temperature

will limit

that

14



Equation (1) may be written as

TM(a)

where a is defined to be

any line from the center
f

The symbol Ie is defined

( )3
= 1/2 TZIoa + TBIa2 , (3)

the ang,lebetween the axis of the antenna and

of the antenna to the edge of the circular disk.

by the definite integral

J
f

G(e) sin 0 de .
e

In particular, we note that

:
I:+Ia=2. (4)

Justification of Assumptions

The development of Equation (3) has been predicated upon certain

simpli~ing assumptions that require justification. These assumptions

are:

1.

2.

3.

4.

the source for temperature Tz is a circular disk normal to

the antenna axis,

the background temperature is constant,

the reflector is in the

there is no significant

far-field of the antenna,

attenuation of the received

radiation.

In regard to the first assumption, the reflector was in fact a

rectangle inclined at an angle of 45° to the axis of the antenna so as

to reflect the zenith temperature. The dimensions of the rectmgle

were such that its component normal to the axis of the antenna approximated

a square. It will be shown later, after further mathematical development,

that a target consisting of a circular disk normal to the antenna axis

with an area equal to that of the square and radiating at a temperature

T. constitutes an excellent approximation to the actual physical
LI

situation. Moreover, the accuracy

approximation can be significantly

tions which also will be derived.

of the results for the circular

improved by relatively simple correc-

15



The assumption of constant background temperature will be satisfied

only if that portion of’the background consisting of sky has a r.egligib~e

effect on the temperature measurement. The VIJ?Rmethod cf pa-:’-ern

determination has been used at 35 Gc, 68.5 Gc, and higher frequencies .

In Figure 2, radiometry c temperatures are plotted as a function of the

elevation angle for three frequencies . We ncte that fcr the twc \iqher

frequencies ~ there is no appreciable change in the measured temperature

for the first 100 roils in elevation. This results primarily from the

radiation of the relatively thick layer of’the lower atmosphere . Eell:e,

with narrow beam antennas opera~ing at frequencies of 68.5 G: aid abc’:e,

the nonhomogeneous background cl~es, indeed, have a negligible effect

and t-he assumption of a constant background temperat:uw is quite I-slid.

However, to add a factcr of safety, the measurements for pattern deter-

minations at these higher frequencies were made ag.a.ir.st.a b~ck.~re,undcf

trees , approximately 60 feet in height and located 6500 feet from +/he

antenna. For the 35 Gc frequency, where the variation of’measured

temperature with elevation angle is much greater, the distance between

the background of trees and the antenna was reduced to 1800 feet. Thus ,

with the antenna 8 feet above the ground, the background subtended an

angle of 1.7° at the instrumentation site. In Appendix A it is shown

that with this geometry, the variation in background temperature contribl~tes
o

no error to the determination of that portion of the pattern within 1.‘1’

of the antenna axis . Moreover, with a narrow beam, the errors in the

determination of the remainder of the pattern will be negligible .

The assumption that the reflector is in the far-field of the antenna

is obviously not valid for the entire set of measurements since a number

of the temperature observations were made with the reflector close to

the amtenna. On the other hand, it is clear that a portion of the data

has been obtained with the reflector unquestionably in the far-field of

the amtenna. Moreover, the reduction procedure is designed to initially

determine the central portion of the pattern, and from it the gain Cf

the antenna, on the basis of observations that are taken with the reflectcr

definitely in the far-field. The remainder of the pattern is computed

section by section from observations considered in pairs and used in

16



the order of decreasing range. Hence, if Equation (1) becomes invalid

for a portion of the observations, only the sides of the pattern will

be affected while the determination of the central portion of the beam

remains free of any error resulting from the use of this simpli~ing

assumption. A portion of the sides of the pattern is determined from

data obtained while the reflector is in the near-field. Hence, this

portion of the effective power pattern is not completely representative

of the free space side-lobes. However, no abrupt discontinuity occurs

as the range to the reflector is decreased and this gradual transition

is further smoothed because at the closer range, the reflector is much

larger than the main beam. The dashed portions of the computed patterns

(Figures 6, 8, 10, 12, 14, 16, 18, and 20) indicate the region in question.

The total computed power patterns are given for comparison purposes.

The fourth and last assumption, of no significant attenuation was

convenient for the derivation of Equation (3). However, the effect of

attenuation is frequently significant and should be taken into account .

Therefore, the previous development will be expanded to include this

effect in both the atmosphere and the radio frequency (rf) system.

Treatment of Attenuation

We consider the terms a and f3which are defined to be the fractional

power losses in the atmosphere and the rf system respectively. The

atmosphere is assumed to be at a molecular temperature equivalent to the

background temperature TB while the average temperature of the lossy

elements of the system are denoted by Tw. Introducing both attenuation

terms into Equation (3) yields

[ 1[!!
~

TM((x)= 1 j ~
} 1(1-a)TZ + aTB Ioa + TBIa2 + 6TW, (5)

where it is to be understood that the term a is a function of the range

of the reflector which is the source of the temperature T With the
z“

17



aid of Equation (4), we may write

TM(a)
[

~= 1/2 (1 - 13)TZ + a(l - B)(TB - Tz) + BTWIoa
L ‘lT -J

t- “7 - (o)

1+ 1/2 (1 - 6)TB + f3TWIa2 .

J

Of particular interest are the quantities Tl~ and TMZ which are defined

to be the measured background and zenith temperatures respectively. The

temperature measurement T~ is obtained with the antenna oriented hcrizon-

tall.yand the reflector entirely removed from the field of view of the

amtenna. Since it has been assumed that the background temperature TB

is equivalent to the ambient temperature, we conclude that

‘MB=.(1- f3)TB+ BT
w“ (7)

The measured zenith temperature may be obtained by either one of two

completely equivalent procedures. First, the antenna simply is directed

along the vertical. In the second method, it is aligned horizontally

with the reflector placed immediately adjacent so as to capture the entire

beam of the antenna. Both methods have been observed to yield identical

results. We note that

‘MZ
= (1- B)TZ+ bTw“

(8)

It should, perhaps, be observed that Tz is not the sky temperature, but

rather the temperature which results from viewing the sky through the

atmosphere whereas T is the actual recorded observation. Combining
MZ

Equations (7) and (8), it may be established that

(Tm - TMZ) = (1 - 6)(TB - Tz) .

Substituting Equations (7), (8), and (9) into Equation (6) Yields

t- 7T1

~ ) F
TM(a) 1=1/2 TMZ + a(’lm - TMZ I: + TmIa ,

(9)

(lo)

18



● O

which, with the aid of Equation (4) can be simplified to
a

TM(a) = TMB - 1/2(1 - a)(TMB - ‘MZ)lo ●

(11)

We have now derived an expression for the measured temperature in terms

of the atmospheric fractional loss, which varies with range, the angle

subtended by the reflector, the gain function of the antenna, and the

measured zenith and background temperatures. Let us emphasize that ,

while Equation (11) pertains to the far-field, it is valid over a sufficient

range of a to ciearly establish the character of the effective power

pattern of the antenna.

Computing Methods for a Circular Reflector

The first phase of the co~uting procedure for determining the

pattern consists cf fitting a curve to those temperature measurements

which pertain to the central portion of the beam. Since temperature is

recorded as a function of the range of the reflector, the measured

temperature approaches the background temperature as the range increases

(Figures 5, ?, etc. ), i.e. , as a decreases and approaches zero. This

suggests the possibility of fitting an exponential curve to those tempera-

ture measurements obtained with the reflector at its more remote positions

from the antenna. Indeed, it has been found for all measurements to date

that it is possible to fit the observations to

2

T(a) = Be-ba ,

for u in the interval (o,&). If the assumed

a range R from the radiometer and has a radius

a = tan-l(r/R) .

The terms ~, B, and b are parameters which may

a curve of the form

(12)

circular reflector is at

of r, we note that

(13)

be evaluated by the least

squares fitting procedure which is presented in Appendix B. The parameter

B constitutes the fitted value for the background temperature. Combining

Equations (11) and (12) while replacing TMB with its improved value B

19



and restricting a to be equal to or iess than U, we o“btain

Be
-ba2 = B

1/2(1 - a)(B - TMZ)I~ .

The attenuation term a is a function ~f R, the range cf the reflector.

TO simpli~ the problem, we approximate the term a by ao, its average

value for those measurements fitted to the curve specified by Equation

(12). Both sides of Equation (14) may be differentiated with respect to

a and solved for G (a) to obtain

[

4bB 1 a

J ]

e-ba2
G(a) = (B _

TMZ)(l - ao)
.

sin a
L

The parameter ~, which is determined by means of the fitting procedure,

is sufficiently small that, for a ~ ;, sin a may be approximated by a.

Hence, Equation (15) reduces to

[
4bB 1-ba2G(a) = (B (16)

1
- ‘MZ)(

1- aO) e “

Defining Go to be the gain of the antenna, we observe that

4bB
Go = G(o) = (B

- ‘MZ)(l -
ao) “

(m

We have now established that, in the vicinity of the center of the beam

where a ~ a, the effective power pattern of the antenna is well approxi-

mated by

G(a)
-ba2

= Goe . (18)

It has been found impractical to determine G(a) for a > 6 by curve

fitting procedures. The measured data for this portion of the pattern

generally do not conform to a single type of curve, but vary considerably

from run to run. We determine the remainder of the pattern by a less

rigorous approach in which G(a) is approximated by a step function for

a>a. The midpoints of each step are assumed to be discrete points of

the pattern. These.,together with Equation (18) determine the pattern

20



over the complete range of a, or at least for all values of a up to the

point where Equation (11) is no longer valid as a result of the reflector

being no longer in or near the far-field.

The initial step in this phase of the reduction procedure consists of

plotting the measured temperature as a function of the range R for the

interval (O, ~), ~ being the range which corresponds to the angle ~.

Referring to Equation (13), we note that

R= r cot ;. (19)

In addition, Equations (12) and (13) are used to compute the fitted

temperature as a function of range and this curve is then plotted for

RS~. A smooth curve is drawn to fit the points plotted in the interval

(O, ~) while constraining it to join the previously fitted curve at a

point where R ~ ~ in such a way that the two segments form a continuous

curve and have identical slopes at the point where they join. Let the

values of R and a at this point be given by R. and a. respectively.

Temperatures are read from the curve for several values of R within the

interval (O, Ro). Let these temperatures and corresponding ranges be

denoted respectively by T and Rj where j = O, 1, 2, .... N with the
J

condition that

%<%-l<””” R2<R1<RO”

The term a
J

is defined as the value of a corresponding to the range l?.
J

so that

aj=tan ‘l(r/R. ).
J

(20)

We assume that G (a) can be approximated by a step function that

changes values on the discrete set of discontinuities defined by a..
J

Let G
j (j+l)

be the value of the function over the interval (a ,a~ ).
.1 \j+l)

Referring to Equations (11) and (18) with T~ replaced by B, we relate
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the temperatures T to the step function approxir.at~~; G (d) for j = 1,
J

2, .... N by the expression

~

(,”-1) a(k+l) (21) -
Ci

1/2(1 - aj)(B - TMZ) 0 Goe
-b02

T =B - sin 9 de + kJ G

J

sin 13dfl ,
j

k,(k+l)
o k=O

%

and for j = O by the expression

1
-b~2

To = B - 1/2(1 - ao)(B - TIKZ) ao ‘Oe sin ~ d9.
.

0

(22)

The terms b, B, and G are obtained from the fitting procedure for the
o

central portion of the beam while a is the value of the attenuation termi
d

for the reflector at the range I?i. With j = 1, we may combine Equations

(21) and (22) to obtain

d

[

B-TIB- Tol2
G=

(B - TMZ)( cos a. - cos al) ~ - 1 - a.
1>

01
-1

(23)

an~in general, we have

[

B-T
2 (j+l)

1

_B~a (24)
G.
J(j+l) = (B - TMZ)( cos aj - Cos a(j+l)) 1- a(j+l) 1- aj

The step function was used as an aid to integration. We now replace the

step function by a series of discrete points and assume that G.
.

J(j+l) 1s

the value of G (a) for a = a.
J(j+l) ‘here

a. (= 1/2 a
J(j+O j )+ a(j+l) “

Our solution for the effective power pattern of the antenna

of the exponential function given by Equation (18) over the

(O,a ) and a curve segment joining the exponential functiono
through the discrete points (a. These descrete points

J(j+l), ‘j(j+l))”

(25)

then consists

interval

and passing

are computed in sufficient number to establish the character of the pattern

on either side of the central portion of the beam.
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Corrections for the Circular Approximation

In the development thus far, the reflector has been assumed to be

a circular disk normal to the antenna axis when in fact, it was a

rectangular surface so oriented as to appear approximately square when

viewed from the position of the antenna. Therefore, in this portion of

the development, let us assume the reflector to be a square normal to

the axis of the antenna. The errors resulting from this assumption are

trivial and maybe safely ignared. However, it will shortly be shown

that the errors resulting from the assumption of a circular reflector

are small, but not negligible. Moreover, expressions will be derived for

the evaluation of these errors and in the process, corrections for the

previous development will be determined.

Let us first develop an expression for the measured temperature when

the reflector is approximated by a square with sides of length S. As

before, we assume a constant zenith temperature TZ and constant back-

ground temperature TB. Neglecting power lost to the atmosphere and

antenna system for the moment, we conclude from Figure 3 that

l-l IT
— F

T(R) =

where

*

4+*

H

41T

8TZ G (0) sin @ de d$ + 8TB
J J,

G*(e) sin 0 dO d$

00 0

2T ~

JJ

‘ (26)

G*(e) sin Elde d+
o 0

+ [1s tin-l S sec $
2R ‘

(27)

and G“-(f))is a gain function which is to be evaluated on the basis of a

square reflector. Referring to the constraint imposed by Equation (2)

and adjusting the limits of integration in Equation (26) to a more
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convenient form, we obtain

—

Introducing terms to account for power losses to both the atmospher~ ~d

the antenna system yields

—

TM(R) = (1 - ~)

4
-2(1- a)(TB-TZ)

‘B IT
10L

J
v

o

G*(6) sin I

*

Expressions derived from Equation (29) for the measured background and

zenith temperatures are identical with Equations (’?)and (8). ‘Jiththe

aid of these we conclude that

4 $*
TM(R) = T~ -~(1- a)(T~ - TM)

JJ
G (6) sin 0 d@ d~ . (30)

00

The angles a ,
J

defined by Equation (20), determine a family of coces

whose common axis passes through the center of the reflector a~~dcoincides

with the extension of the symmetry axis of the antenna. Consider

initially the cone defined by the angle a . It has been established for
o

the circular approximation that the antenna pattern is of the form Gf

Equation (18) for a ~ a. where

tion that R ~ RO ~ ~. For the

*

a * <. This corresponds
o

development which follows

R0--be a sufficiently large value of the range so that,

to the condi-

, let

*
forR~R

0’
the reflector is completely contained within the cone defined by ao.

It follows that the limit of integration ~ in Equation (30) will then be

less than ao. While the function G*(6) in the same equation has not been

determined, our previous results for the circular approximation suggest

that a curve of the type defined by Equation (18) may be satisfactory.

Therefore, let us assume that for R ~ RO*

G*(0) = G *e-b*’2.
o

(31)
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Replacing T~ by its fitted value and combining Equations (30) and (31)

yield
‘n

r WG*e_b*f
TM(R) = B - <1 - a)(B - TM)

~1

sin 0 dO d$. (32)
o

00

Since a. is small and V < ao~ We maY approximate sin e by 0 and $ by

(~R)sec @o Equation (32) then may be integrated to obtain

‘n

Substituting the first three terms of the series expansion for the

exponential and integrating once more yield

*2
Go S (1 - a)(B - T~)

()

*2
bS

TM(R) = B - l-— (34)

4TTR2 6R2 “

It follows from the definition of R*O that we are considering a range of

a for which Equation (12) is valid. Moreover, a is sufficiently small

that we may approximate it by r/R and replace the exponential in Equation

(12) by the first three terms of the series expansion. Thus ,

T(R)
[

=Bl- 1b(;)2 + 1/2 b2(:)4 . (35)

Recalling that r was defined to be the radius of the assumed circular

reflector whose area approximates that of a square with sides of length

S, we note that

/‘K.r = (36)

Combining Equations (35) and (36) yield

2

()

T(R) =B-~l-&
ITR 2.; ‘

(37)

We conclude that the fitted temperatures given by Equation (37) will be

equal to the measured temperatures of Equation (34) if
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and GO*S’(L.O)(B-TJ d,
=

~mR2
~

~R
!?

where the term a has been replaced by an average value ao.
%

Wi’,111?‘ H ~,-

these two conditions will be satisfied identically i~’

GO* =
4bB

(B - TM)(l - ao) = ‘o J

and

so that

G*(u) = Goe
-(o.955b)12 (-35)

Comparing Equations (18) and (38), we conclude that the anterinapattern

determined for the central portion of the beam with the assumption of a

circular reflector will yield better results if the parameter b is

multiplied by the factor (3/IT).

approximately 5% in the exponent

on the average in G(a) over that

This constitutes a correction of

of Equation (18), but considera~ly less

range of a for which the equation is a

valid approximation to the effective power pattern of the antenna.

In considering the effect of the circular approximation on the

remainder of the pattern$ it will be convenient for the sake of simplify-
*

ing the integration, to assume as before that G (a) can be approximated

by a step function when R < RO*. The reflector will again be considered

to be a square oriented normal to the antenna axis. We define G*i~i+l)L* tJ\d”~r

to be the value of G*(u) on the interval (a , a*
J

To simplify
(j+l))” *

the mathematical amalysis in determining an expression for G--j(j+ 1)
*

we limit the range of R so that for R.
J < R < ‘(j+l) ‘ ‘he ‘eflectOr

*

is completely contained wit~in the cone ‘definedby a (j+l)
while the

*
intersection of the cone defined by a with the square approximating

J

the reflector is a circle completely contained within the square
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.

(Figure 4). With these restrictions and the aid of Equation (30), the

temperature may be expressed as a function of range by

(39)

*
To obtain an expression for G. it is convenient to differentiate

J (j+l)’

Equation (39) with resPect to R* Wnile the term a is a function of R,

it changes so slowly with a change of range that its effect is of second

order. Therefore, it will be considered constant with the result that

(1 -
‘2* ;2

a)(B - T~)S G
g= (j+l)

J
sec 4 d$ .

dR 2m o (R2 + S2
sec 2$) 3/2

T
(40)

Integrating Equation (40) and then solving for G*J(j+l)’
we obtain

[

2T(R2 + S2/4) 1~
G*.

‘+S/2dT
J(j+l) = =“

S2(1 - a)(B - T~)

(41)

It i.sdesirable to minimize the intervals (a*., U*(j+l)
) over which

J

the step function remains constant while observing the assumptions

which led to Equation (39)c That is to Say, When the ref’le~tor is at
*

and a*(j+l)tothe range R’(j+l) ~ we desire the cones defined by a
j

intersect the plane containing the assumed square reflector in circles

which respectively are inscribed in and circumscribed about the square.
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This may be accomplished for all val~es of j by defining R* ar:i:.:~rl
J ,)

4~erms of R* as follows
o

*

aJ tan
-1

The last two equations may be combined to o-otain

taJl cl*=* s/2
9

J
‘(j+l)

.

Hence, the desired conditions have been satisfied. Since this method has

been developed for application to very narrow beam antennas with the

reflector in or near the far-field, the angle a will normally be sufficier,tly

small that Equation (45) may be written as

s
‘~j+l) = * ~

a(j+l)

(46)

and we conclude that R is very much larger than S. Therefore, with the
*

reflector at range R(j+l)’
we may simpli~ Equation (41) to obtain

‘(J+1v[2~~:frffi fzJ’%’R=~j+~

(47)
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where ~he term a has been rePlaced bY a*(j+l)’ its value at the range

R;j+l )“ For the pattern determination, we assign this value of G*(u)

to the midpoint of the interval (a: , o.~,A,)),that is

*
a. (= 1/2 a; +
J(j+l)

With the angle restricted to small values

may be combined to yield

* s !.

)‘~j+l) “
(48)

9 Equations (42), (43) and (48)

a. —(1+42).
J(j-+1)= *

4R(j+l)

(49)

* *
Discrete points (a. ) of the pattern are then obtained from

J(J+l), ‘j(j+l)
Equations ()+7)and (49).

Let us now compare these results with those obtained when the

reflector was approximated by a circular disk. For this comparison, we

refer to Equation (21) from which the earlier results were derived. It

will be convenient to derive a new expression for G. from this
J(j+l)

equation. Differentiating with respect to R and evaluating the results

for a range R(j+l)
yield

Referring to Equations (20) and (36) and recalling that a is a small

angle, we find that

() S2‘in a(j+l) %R=R(J+l) = -~ .

‘R(j+l)

Combining the last two

G
j(j+l) =

equations and solving for G.
J(j+l) yield

(5U

(52)
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Referring to Equation (13) and (36), we note that tne -’alue r: ~ for

which Equation (52) applies is well appr~ximated ky

s
Ci
‘Rt. - “

(J+l)

This suggests that, in using the rcs-.ilts~btaineciwitj~~q’~ation (24)

w’nicn is essentially equivalent to Equation (52), the amgle Q~(j+l)
,

given by Equation (25) is in error ‘oy“(percent antishould be ?:rrectcd

by the factor 1.070.

Summary

To summarize, the computing procedure for determir.ing t-heeffecti~”e

power pattern of an antenna, with appropriate corrections for the

approximation of the reflector by a circ’ular disk, consists c’fthe

following.

10 For a Z ~ the parameters ~, b, and B are determined by

fitting to the measured data with the method described ~

Appendix B; Go is evaluated from Equation (17); and the

effective power pattern of the antenna is computed from

n

-(3/n)b(x2
G(a) = Goe ●

(54)

2. For a > ~, a sufficient number of discrete points

‘aj(j+l)’Gj(J+l)
) to characterize the pattern are determine.iby

using Equation (24) to compute G. while obtaini~;ga
J(j+l)
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corrected value of a. from the expression
J(j+l)

a.
( )

= 0.535 a. + aj+l .
J(j+l) J

(55)
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SECTIOIJ 111

ANTENNA PERFORWWCE EVALUATION

In normal operation, performance of’a radiometric antenna is judged

by its ability to discern a target in front of, or p~rtially tiehir,d,a

background of vegetation which has a raaiometric temperature nearly equal

to the ambient temperature. A measure of this performance is the maxinm,

operable range cf the antenna for a fixed-size target, cr-alternative:;,

the maximum contrast between the background temperature and the measured

temperature for a fixed-size target at a given range.

The VARR method offers a relatively simple procedure of measureme:lt

and analysis to systematically rate the performance of various mtenna

systems on the basis of a comparative evaluation. It has been used to

establish the characteristics of numerous antenna systems and from these,

to evaluate the performance of the antennas on a relative basis. In

general, the results obtained by the VARR metnod agree well witk the pre-

viously noted effectiveness of these same antennas in field operations.

Although some parameters differ substantially from theoretical values,

the trends which were established prove to be very useful in comparing

the performance of the various systems.

Results are presented for a total of eight different antennas. Tab-

ulatims of antenna type, frequency, and

are given in Table I. Identification is

r.umber. The term P is defined to be the

closest portion of the far-field. It is

P = 2D21~

several theoretical parameters

provided by the tabulated run

range from the antenna to the

computed from

9 (56)

where D is the diameter of the antenna aperture and A is the wavelength.

The theoretical gain Gt amd theoretical 3 db beamwidth et are calculated

values which were obtained from the following equations:

Gt = 0.5(:)2 , (57)

et = 1.2~;/D) “
(58)
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h.ul
lumber
——
1

2

3

4

5

6

7

8

TABLE I.

ANTENNA TYPE AND THEORETICAL PARAMETERS

18”
36,,

18”

18”
3~,1

18”

36”
36!!

Piano Convex Lens

Parabola

Piano Convex Lens

Fresnel Zone Plate

Cassegrainian

Piano Convex Lens

Scalar Feed Parabola

Circular Scan Parabol:

‘reqo,
b

68.5

68.5

140

140

35

94

94

68.5

1, ft

0.0144

0.0144

0.0070

0.0070

0.0281

0.0105

0.0105

0.0144

1P>
yds

104

417

214

214

214

143

571

417

TABLE II.

MEASURED DATA AND COMPUTED PARAMETERS

‘MZ , ‘m, pu::-
Compu- compu- Ratio Temper- Computed

iun
10.

ted 3db ted 20 of 20 ature Gain, db

‘K ‘K ~Hum., Beam- db Beam- db to contrast
i!g/m3 width, width, 3 db at R = 800
1 deg deg Beam- yds . %
t width

1 93 256 5.1 0.65 3.4 5.2 14 ~i6.8

2 120 266 10.2 0.76 4.2 5.5 11 45.b

3 112 ~289 9.0 0.64 2.8 4.4 18 ~’7.8

4 135 287 13.4 0.68 3.4 5.0 15 46.6

5 30 273 9.1 0.73 2.0 2.7 25 47.5

6 94 253 5.1 0.64 2.4 3*7 30 h[j.z

7 47 209 1.9 0.60 1.4 2.3 29 50.4

8 135 275 9.8 0.67 4.0 6.0 8 45.8
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At the 3 db points , the patterns oLtained by the VARFLmetho~ arc

usually wider than the theoretically computed beamwidtns . Also, tf~e

measured antenna gains , wnile still useful for a comparative eval’~ation

of the antennas , are generally several db less than the theoretical

values . The smaller gains are, of course , consistent ‘tiTiththe wider ‘~eam-

widths . Wnile some beam broadening and loss of antenna gain are to be

expected from inaccuracies in field measurements and atmospheric effects

which may not have been properly taken into account , it is believed that

the primary source of difficulty arises from the non-coherent nature of

the signals. Consider the two plots of temperature versus range pre-

sented in Figure 21. The upper curve is simply a plot of the ‘JAR?

observations for Run No. 7, whereas the other curve was computed for an

antenna having the theoretical gain and beamwidth given for the “Scalar

Feed’t antenna used in obtaining the data shown in Table I. The background

and zenith temperatures were assumed to be identical to the measured

values for Run No. 7. The huge discrepancy between the actual measure-

ments and the theoretical curve cannot be explained satisfactorily by

attenuation effects or, for that matter, any other likely source of

error. A plausible explanation appears to be that the broader beamwidth

does, indeed, result from the non-coherent nature of the signals. This
1

eff’ecthas also been reported by Fedoseev .

1
Fedoseev, L. I. “Lunar and Sola~ Radio Emission at 1.3 m Wavelength”.
Radiofisika, Volume VI, Number 4: 655-659, 1963
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Referring to Table II, it will be observed that certain antennas show

a definite superiority in all comparisons. Of particular significance

are the beamwidths at the 3 db and the 20 db points on the measured patterns

where the comparisons reveal a pronounced difference between certain

antennas. In all cases, the antennas which had wider 20 db beamwidths

also had poorer operating performance and showed much less contrast

between measured and background temperatures with the reflectul’ at a

range of 800 yards. The ratio of the 20 db beamwidth to the 3 db beamwidth

is tabulated in Table II. This ratio is a good indication of the relative

merit of antennnas that have different apertures and operate at different

frequencies. In general, the piano-convex lens antennas were among the

better performers while the TRG corporation “scalar Feed” type was the

best.

In comparing the results for these various antenna systems, a number

of additional factors should be considered. One of these which may have

contributed to the low performance of the poorer antennas was the critical

adjustment necessary for focusing. The feed horn positions on the conical

scan and the parabolas were very critical while the lens antenna feeds

were quite easy to position, maintaining relatively equal performance

over a relatively wide range of adjustment. The “scalar Feed” antenna,

while also very critical to adjust, was built more solidly and could

maintain its adjustment while handled in the field. The Fresnel zone-

plate, another poor performer, had high side lobes probably due to reflections

at the discontinuities caused by the zone cuttings. The Cassegrainian,

also a critical antenna to adjust, performed reasonably well, but was not

as efficient as the “Scalar Feed”. One of the factors affecting system

performance while using a particular antenna is not included in this

evaluation. This factor is the loss peculiar to an antenna type. In

general, the shepherd’s crook feed has considerable wave-guide lCSS;

but on the other hand, the lens antenna suffers a loss in the dielectric

of the lens itself. The Cassegrainian feed probably has the least loss

due to the feed system, but it also may have increased spillover from

the double reflecting system.
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An exhaustive error analysis of the reported results has not been

attempted; but this phase of the problem has been treated in sufficient

detail to ccnclude that the accuracy of the method is, in fact, somewhat

better than originally anticipated. Error estimates have been computed

for the central portion of the pattern on the basis of the least squares

fit. For the eight runs reported upon, the average probable error in

antenna gain was 0.2 db and in background temperature, 1.7”. In general,

the probable error in the central portion of the pattern was found to be

well under 5 percent of’the antenna gain while, for the remainder of the

pattern, it rarely exceeded 5 percent. The primary sources of error have

been considered in detail elsewhere in this report and the discussion

will not be repeated. However, it should be emphasized that the errors

introduced by including observations with the reflector in the near-field

do not greatly reduce the usefulness of the results. ThGse portions of

the patterns drawn as solid lines are entirely free of such error.

Moreover, the dashed curves immediately adjacent to the solid curves

are relatively free of this type of error since it enters very gradually

as the range of the reflector decreases from the transition value of

2D2/A. An examination of the plotted results reveals that tileessential

characteristics of the antenna patterns are generally well determined in

spite of a slight distortion in the sides of the patterns as a result of

the inclusion of observations with the reflector in the near-field.
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CONCLUSION

The VARR method offers a practical and relatively simple approach

for the comparative evaluation of radiometric antenna systems. The

effort involved is a fraction of that requirea to achieve equivalent

results by conventional methods., In addition, the effective power

pattern and gain characteristics are determined by the VARR technique

with the antenna in an operational environment. The measurements are

made under field conditions similar to those to be expected in proposed

applications of the antenna systems. Hence, the method provides a simple

means of pattern determination, and perhaps, offers a more accurate

evaluation of antenna performance under realistic operating conditions.

While the derivation of the VA-RRcomputing procedure is somewhat

involved, its application is straight forward, routine, and comparatively

simple. The method has been progrmed for computation on a high speed

digital computer, but it is not unrealistic to perform all the necessary

computations on a desk calculator or even a slide rule. The computing

time required per run is less than one minute on a high speed machine in

contrast to an hour and a half on a desk calculator.

Effective power patterns have been determined successfully for a

number of antennas by this technique. In general a comparative evaluation

of the VARR results agreed well with the observed effectiveness of the

same antenna in earlier measurements. An error analysis of the results

indicated the method to be somewhat more accurate than expected. On the

other hand, the computed power patterns reveal a broader beam than

coherently measured patterns for the same antennas; but it appears that

the beam broadening may well have resulted from the non-coherent nature

of the signals. In any event, the effective power patterns obtained by

the VARR method provide a reliable basis for predicting the relative

radiometric performance of antenna systems in an operational environment.

R. B. PATTON
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APPENDIX A

THE EFFECT OF A NONHOMOGENEOUS BACKGROUND TEMPERATURE SOURCE

Background temperature for antenna pattern determination has normally

been measured with the antenna axis directed horizontally toward a back-

ground of trees and with the reflector entirely removed from the field of

view of the antenna. In general., it has been assumed that this temperature

is invariant with direction whereas it varies considerably with elevation

for frequencies below 68.5 Gc. The measured background temperature i:,

in fact, an average radiometric temperature which results from the combined

radiation of the atmosphere in the direction of the background vegetation,

the atmosphere in the direction of the sky, and the background vegetation

itself. It has been shown in the main body of the report that the

assumption of a constant background temperature is a reasonable approxi-

mation for narrow beam antennas operating at frequencies of 68.5 Gc and

higher. The effect of such an assumption for lower frequencies will.now

be considered.

We will assume that the background consists of trees, whose neight

above the level of the antenna is h, and of course, sky above the trees.

For simplicity in the analysis, it will be assumed that the background as

viewed from the antenna radiates at a temperature T~ for heights not

exceeding h and a variable temperature T(E ) for heights in excess of h

where $is an elevation angle measured from the ~tenna siteo Moreover,

we will limit our discussion to the case where the reflector is assumed

to be a circular disk.

Recalling that a is one-half the angle subtended by the reflector,

consider the case where

a<tan ‘l(h/R ) .
B

(Al )

k

RB is defined to be the horizontal range from the antenna to the back-

ground of trees. To simpli~ the discussion, power losses in the atmosphere

and rf system will be neglected. With these assumptions and the aid of
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Figure 22, we may express the measured temperature as

[H2m a

TM(a) = ~T Tz

‘fT

H

:
G(e) sin (3dO d$ + T(c)G(e) sin e de d$

o 0 Orl

where

n = tan ‘l(h CSC $/RB). (A3)

Equation (A2) may be more conveniently written as

TM(a) = TB - l/2(TB - TZ)I~ -

(A4)

where

If the Equation (Ah) is

apparent that the error

E = sin ‘1( sin e sin $). (A5)

compared to Equation (12) with a = O, it is

resulting solely from the nonhomogeneous back-

ground temperature consists of

(A6)

As long as the condition expressed by the inequality (Al) is satisfied,

v ~ a so that Equation (A2) is valid and ATM remains constant for changes

in the parameter a. Therefore, since our methods for evaluating are

predicatedon the assumption that G(a) is

of TM(a) with respect to a, the constant

evaluation of this function.

proportional to the derivative

error ATM has no effect on the



In considering the measurements reported,upon, we are primarily

concerned with the effect of the nonhomogeneous background temperature

on measurements at the lowest frequency> i.e., 35 Gc. Recognizing this

possible source of error, the system geometry for these measurements was

designed to satis~ inequality (Al) for all values of a equal to or less

than 1.7°. Hence, with narrow beam antennas, the major portion of the

effective power pattern determination was free of any error resulting

from the nonhomogeneous background source.
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APPENDIX B

THE CURVE FI’ITING PROCEDURE

The computing methods which have been developed for the determination

of the central portion of the antenna pattern require a set of observations

to be fitted to an exponential curve. In particular, the form of the

curve is given by

T(a) = Be-ba2 , (Bl)

for a in the interval (o, ~). The terms ;, b, and B are parameters which

are to be evaluated by the fitting procedure.

Let the temperature observations be denoted by Ti

values of range by the terms R: where i constitutes ~

measured quantities.

where the latter are

Ri . We observe that

J.

The observations

computed by means

Equation (Bl) may

l.nB - ba2 =

Ti

of

be

In

and the corresponding

index for the

are paired with the terms a.
1

Equation (13) for each range

written in the form

T(a) . (B2)

This suggests that the appropriate range of a for applying the curve
n

fitting procedure may be determined by plotting the points (a;, In Ti).

Since Equation (B2) is linear in the terms in T and a2, & may be establishedto

be the largest value of a whereby

a straight line for a. ~ ~ . Let
1

i =0, 1, 2, ....n.

A least-squares approach has

the plotted points (a:, in Ti) lie on

the preceding inequality hold for

been adopted for the curve fitting

procedure. Strictly speaking, the fitting should be applied to B amd b

in the non-linear Equation (Bl). However, the results are sufficiently

accurate when we fit for b and In B by Equation (B2) where these two

parameters are linearly related. We define the following matrices:
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We note that To is, in reality, the measured background temperature; and

since this observation applied for a = O, it is included in the curve

fitting procedure. Its chief contribution to the computation

greatly strengthen the determination of the fitted background

B. In matrix form, the equations of condition

Cx = v.

The normal equations are given by

C’cx= C’v.

where C’ is defined to be the transpose of

is to

temperature

consist of

(B3)

co The

squares solution is then expressed by the matrix equation

x= (m)-% 3

from which the terms b and I..nB, hence B, may be

(B5)

evaluated.

(B4)

least-
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